The hedgehog signailing pathway is a conserved mechanism which acts in inductive processes in both vertebrate and invertebrate development to direct growth and patterning. In Drosophila, the secreted Hedgehog protein acts as a signal to induce non-autonomous activation in adjacent cells of either the decapentaplegic or wingless genes (both of which encode growth factorlike molecules), via inactivation of patched activity. In the eye disc, this pathway drives progression of the morphogenetic furrow, while in the wing (and leg and antennal) discs it is required to set up an organising centre along the anteroposterior compartment boundary. We have compared the regulation and function of hedgehog pathway activity in the eye and wing discs, and find that there are significant differences. Whereas in the wing disc, engrailed function is required for hedgehog expression, in the eye disc activation and maintenance of hedgehog expression is achieved independently of engrailed. Regulation of decapentaplegic expression also differs: in the wing disc it is repressed in the anterior compartment by patched and in the posterior compartment by engrailed. In the eye disc, is repressed posterior to the morphogenetic furrow in the absence of either patched or engrailed activity. We conclude that in the eye disc there are novel aspects to hedgehog pathway function. Moreover, engrailed does not play an essential conserved role.
Introduction
Pattern formation in the Drosophila eye imaginal disc occurs during the third larval instar stage, and is marked by the passage of the morphogenetic furrow from posterior to anterior. The furrow acts as an organising centre: anterior to it, cells are unpatterned and divide freely, while in and behind the furrow cells are organised into ommatidial units with reproducible structure and polarity (Ready et al., 1976; Tomlinson and Ready, 1987; Wolff and Ready, 1991) .
Morphogenetic furrow progression is regulated by hedgehog (hh) (Heberlein et al., 1993; Ma et al., 1993) , which encodes a secreted protein (Lee et al., 1992 (Lee et al., , 1994 Tabata and Kornberg, 1994) expressed in photoreceptors posterior to the furrow (Lee et al., 1992; Ma et al., 1993) . Homozygous mutant clones of hh block normal furrow progression, whereas ectopic expression of Hh protein can give rise to ectopic furrows in the anterior of the eye disc (Heberlein et al., 1993; Ma et al., 1993; . Thus, it is thought that furrow progression is 'driven' forward by secretion of Hh. The transforming growth factor-/3 homologue decapenraplegic (dpp) also plays a role in furrow progression: it is expressed in the furrow itself (Masucci et al., 1990; Blackman et al., 1991) in a hh-dependent manner (Ma et al., 1993) , an4 homozygous mutant dpp clones can disrupt furrow progression (Heberlein et al., 1993) . Recently, both the gene encoding the catalytic subunit of CAMP-dependent protein kinase A (pka-Cl) (Pan and Rubin, 1995; Strutt et al., 1995) and the segment polarity gene patched (ptc) (Chanut and Heberlein, 1995; Ma and Moses, 1995; Strutt and Mlodzik, 1995; Wehrli and Tomlinson, 1995) have been shown to act as negative Copyright 1996 Published by Elsevier Science Ireland Ltd. All rights reserved PII SO925-4773(96)00555-2 regulators of morphogenetic furrow progression, probably acting downstream of hh as repressors of dpp expression. Loss of function clones of either gene show the same phenotype as Hh misexpression: induction of ectopic dpp expression and photoreceptor differentiation, leading to ectopic morphogenetic furrows in the anterior of the eye disc.
The pka-Cl and ptc genes are also known to act downstream of hh as negative regulators of dpp expression in the third instar wing imaginal disc (Capdevila et al., 1994; Jiang and Struhl, 1995; Lepage et al., 1995; Li et al., 1995; Pan and Rubin, 1995) . In this disc, hh is expressed in the posterior compartment (Lee et al., 1992; Mohler and Vani, 1992; Tabata et al., 1992) and Hh protein diffuses across the compartment border to activate dpp expression in the adjacent cells (Basler and Struhl, 1994; Capdevila and Guerrero, 1994; Tabata and Kornberg, 1994) . In the anterior compartment of the wing disc, loss of pka-Cl or ptc function leads to increased expression of dpp (Capdevila et al., 1994; Jiang and Struhl, 1995; Lepage et al., 1995; Li et al., 1995; Pan and Rubin, 1995) , as does ectopic expression of Hh (Basler and Struhl, 1994; Capdevila and Guerrero, 1994; Tabata and Kornberg, 1994; Zecca et al., 1995) . As in the eye disc, the mechanism of Hh action is believed to be through the relief of pka-Cl and ptc mediated repression. The antennal and leg imaginal discs show similar organisation to the wing disc, except that Hh activates dpp only dorsally and instead activates wingless ventrally. As the wing disc is more intensively studied, this will be considered in more detail.
Thus, there are striking similarities between the third instar eye and wing discs in terms of the way in which the hh pathway is thought to function. In both cases hh expression is restricted to the posterior, from where it diffuses anteriorly to non-autonomously activate dpp expression via relief of pka-Cl and ptc repression. Nevertheless, in at least one aspect the eye disc differs fundamentally, and this is with regard to the way in which the posterior hh-expressing region is defined, and thus also to how the position of the dpp-expressing stripe of cells is determined.
In the wing disc hh expression is limited to a clonally derived cell population, the posterior compartment, which is established during embryonic development (GarciaBellido et al., 1973) . Activation of dpp then occurs only in a stripe of cells lying on the anterior side of the compartment boundary, the position of which is fixed throughout development by the original lineage restriction defining the compartments.
The definition of compartment identity is dependent on engrailed (en) activity: it is expressed in posterior compartment cells (DiNardo et al., 1985; Fjose et al., 1985; Kornberg et al., 1985; Brower, 1986) , where its function is required to maintain the compartment boundary and specify posterior identity (Garcia-Bellido and Santamaria, 1972; Morata and Lawrence, 1975; Lawrence and Morata, 1976) . Clones of cells lacking en function in the posterior compartment of the wing disc cease to express hh and instead become competent to express dpp (Sanicola et al., 1995; Tabata et al., 1995; Zecca et al., 1995) . Conversely, cells misexpressing En protein in the anterior compartment activate hh expression but lose the competency to express dpp (Guillen et al., 1995; Simmonds et al., 1995; Tabata et al., 1995; Zecca et al., 1995) . The restriction of en expression to the posterior compartment, and its function as a positive regulator of hh and a negative regulator of dpp, is sufficient to explain the observed spatial relationship between hh and dpp expression in the wing disc. Other components of the hh pathway are also regulated by en in the wing disc. Normally, ptc is expressed at low levels throughout the anterior compartment and upregulated at the compartment border (Phillips et al., 1990; Capdevila et al., 1994) , and similarly cubitus interruptus (ci) expression is limited to the anterior compartment (Eaton and Kornberg, 1990; Orenic et al., 1990; Blair, 1992) . Both genes are specifically repressed in the posterior compartment by en (Sanicola et al., 1995; Tabata et al., 1995; Zecca et al., 1995) . Therefore, in the wing disc (and antennal and leg discs), en and hh expression are limited to the posterior compartment (at least up to mid-third instar stages; see Blair, 1992) , and do not overlap with dpp, ptc and ci expression which occur only in the anterior compartment.
In contrast, in the eye hh expression is not limited by clonal boundaries. Following the initiation of photoreceptor differentiation and furrow progression at the posterior margin of the disc, the posterior region of hh-expressing photoreceptors is continuously expanding, as more photoreceptor clusters are born from the anteriorly moving morphogenetic furrow (Ready et al., 1976; Lee et al., 1992; Ma et al., 1993) . The stripe of dpp expression in the furrow is continuously pushed anteriorly by the expanding photoreceptor field, as cells at the posterior edge of the furrow cease to express dpp (and undergo differentiation) while new cells are recruited to express dpp at the anterior edge of the furrow. No lineage restrictions are present in the eye disc, and there is no compartmental organisation limiting hh or dpp expression to a particular population of cells. Thus, the furrow is a moving organising centre which divides two distinct cell populations that express different genes.
Taking the wing disc as a paradigm, we have analysed to what extent the hh pathway is conserved in the eye disc. The expression and regulation of hh pathway components has been investigated in the eye disc. In particular, as en plays an essential role in the wing disc, the conservation of its function has been analysed. Our data indicate that there are novel regulatory relationships between different members of the hh pathway in the eye disc, and that previously unknown mechanisms exist for the activation of hh expression and the repression of dpp expression.
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The organisation of the eye imaginal disc
To investigate the organisation of 'the eye imaginal disc, a monoclonal antibody directed against Ci protein was used (as a marker for anterior compartment identity) in combination with 1acZ reporter genes for components of the hh pathway required during eye development.
In the eye disc, Ci protein is ubiquitously expressed except in the ocellar region (arrow, Fig. lA) , with a stripe of elevated expression lying at the anterior edge of the morphogenetic furrow (arrowhead, compare double-labelling for dpp expression in Fig. 1B ). Double labelling for hh expression (as revealed by an enhancer trap insertion in the hh gene) shows the expected reciprocal relation between Ci and hh expression in the antenna1 disc, where hh is seen in the posterior compartment (Fig. 1C) . However, in the posterior of the eye disc, where hh is expressed in photoreceptor clusters, hh and Ci expression appear to overlap. We confirmed that Ci expression was in photoreceptors, and not merely in the surrounding undifferentiated cells, using an enhancer trap insertion in the Ci gene (data not shown; note also transcription behind the furrow in Eaton and Kornberg, 1990) . Similarly with the ptc enhancer trap, in the antenna1 disc we observe the expected restriction of expression to the anterior compartment, but in the eye disc we see expression in all nuclei posterior to the furrow (Fig. lD) , overlapping with Ci and hh expression (compare Fig. 1C) .
Thus, in the wing disc hh expression is limited to the posterior compartment, and never overlaps with ci and ptc expression which occur only in the anterior compartment, but all three genes are expressed posterior to the furrow in the eye disc. Furthermore, dpp is usually co-expressed with ptc along the compartment border in the wing disc (and in the dorsal part of the antenna1 disc; compare Fig.  lB,D) , but in the posterior region of the eye disc ptc is extensively expressed in the absence of dpp. Therefore, the relationships between expression patterns of components of the hh pathway seen in other discs are not conserved in the eye disc. Nevertheless, the exclusive nature of dpp and hh expression, whereby they never overlap, is maintained.
ptc and dpp are subject to differential regulation in the posterior eye disc
The relationship between ptc and dpp expression in the eye disc was investigated further using a monoclonal antibody directed against the ptc gene product, and analysing the phenotype of ptc mutant clones. In the wing imaginal disc, ptc acts as a repressor of both its own and dpp expression. It is expressed at low levels throughout the anterior compartment (Phillips et al., 1990; Capdevila et al., 1994) ; however, in response to either Hh protein (normally at the compartment border) or loss of ptc function, ptc and dpp expression is up-regulated (Basler and Struhl, 1994; Capdevila and Guerrero, 1994; Tabata and Kornberg, 1994) . In the eye disc, Ptc protein is seen at low levels anterior to the furrow, with higher levels in the furrow itself and posterior to the furrow ( Fig. 2A) , as also seen with the enhancer trap insertion. The high expression is consistent with the high concentration of Hh in this region, leading to inactivation of ptc activity. As reported previously, ptc mutant clones anterior to the furrow induce ectopic dpp expression (Chanut and Heberlein, 1995; Ma and Moses, 1995; Strutt and Mlodzik, 1995; Wehrli and Tomlinson, 1995) : in fact, we find that both ptc and dpp are autonomously activated in such clones (Fig. 2B,C) , as would be expected if ptc was functioning as a cell-autonomous repressor of ptc and dpp expression. In contrast, ptc mutant clones positioned posterior to the furrow do not activate dpp expression (Fig. 2D ). Thus, neither high Hh concentration, nor loss of ptc function leads to activation of dpp expression posterior to the furrow. Therefore, whereas anterior to the furrow ptc and dpp regulation are coupled, posteriorly in the region of photoreceptor differentiation this is not true. This uncoupling of dpp and ptc regulation following photoreceptor differentiation is also revealed by the phenotype of ptc clones close to the anterior edge of the furrow. As for pka-Cl mutant clones (Pan and Rubin, 1995; Strutt et al., 1995) , these induce ectopic photoreceptor differentiation (Chanut and Heberlein, 1995; Ma and Moses, 1995; Strutt and Mlodzik, 1995; Wehrli and Tomlinson, 1995) , which leads to loss of dpp expression within the clone, but continued high level ptc expression and secretion of Hh protein which induces a ring of dpp expression outside the clone (Fig. 2E,F) .
There are two different ways of viewing the uncoupling of ptc and dpp regulation in the posterior of the eye disc, relative to the situation in the wing disc. The first is that the posterior of the eye disc is equivalent to a posterior compartment (as evidenced by the expression of hh in this region), but differs from the wing disc in that ptc (and also to some extent Ci) is not repressed. The second possibility is that the whole eye disc is analogous to the anterior compartment of the wing disc, but that dpp is repressed and hh is activated posterior to the furrow by novel pathways unique to the eye disc. To distinguish between these possibilities, we have looked at the expression and function of en in the eye disc, to investigate whether it might be playing a role in either the posterior expression of hh or repression of dpp.
en is not required for hh activation or maintenance in the eye imaginal disc
The 4D9 monoclonal antibody recognises both the en and the related inv protein products (Pate1 et al., 1989) . In the eye disc En/Inv appear to be expressed ubiquitously, that is, protein can be detected in all nuclei (Fig. 3A,B ). However, the general level of expression is relatively low, and only nuclei in the ocellar region are stained as strongly as those in the posterior compartment of the antennal disc (arrow Fig. 3A) . Some pattern can be seen in the staining: there is a band of slightly higher expression immediately posterior to the furrow, and some groups of more strongly stained nuclei at the anterior edge of the furrow (arrows, Fig. 3B ). Other than these features, there is no evidence of a difference in expression levels between the regions anterior and posterior to the furrow.
Although the level of En is relatively low in the eye disc, its elevation in a stripe posterior to the furrow (corresponding to the region where hh is first activated) and its continued expression in the hh-expressing photoreceptor nuclei would be consistent with a role in either activation or maintenance of hh expression. However, we find that the hh reporter gene is expressed normally in photoreceptors mutant for the enE deficiency which removes both en and inv function (Fig. 3C ). To test whether en function might be required for activation of hh expression, clones were generated that were double mutant for ptc and enE. These clones induced ectopic dpp expression and led to differentiation of ectopic photoreceptors which express hh, in a manner indistinguishable from clones mutant for pfc alone (Fig. 3D,E) . In fact, we were unable to find any phenotype for loss of en function in eye development, and even large clones give rise to adult eyes with wild type morphology (Fig. 3F) . Thus, en does not appear to be required for any step in the process of photoreceptor differentiation or furrow progression. Furthermore, in discs in which ptc, enE clones have been induced, ectopic dpp is only ever seen anterior to the furrow indicating that the failure of dpp expression to be activated posterior to the furrow in ptc clones is not due to repression by En in this region.
Therefore, we conclude that en is not involved in the hh pathway in the eye disc, and that hh activation and dpp repression in the posterior region are mediated by an enindependent mechanism.
Elevated En represses dpp, ptc and Ci but does not disrupt morphogenesis
The lack of a requirement for en in the eye disc is intriguing, as En protein is expressed, albeit at relatively low levels compared to other discs. It is possible that En/Inv is inactive in this region due to the lack of an essential co-factor, which is normally present in the other imaginal discs, or that the expression level is too low. To investigate this, we expressed elevated levels of En protein in the eye disc using a transgenic construct (Tubal > CD2,y+ > en) which has been shown to produce biologically functional levels of En protein in the wing disc (Zecca et al., 1995) . Elevated En protein in the eye disc did not disrupt normal development, and gave rise to adults with externally wildtype eyes (but with defects in other structures, such as the wing, consistent with ectopic expression of En protein). In particular, furrow movement, ommatidial assembly and photoreceptor differentiation were normal when analysed in the disc (Fig. 4A) . We looked specifically at whether clones of cells expressing En could ectopically activate expression of hh, as has been reported in the wing disc (Guillen et al., 1995; Simmonds et al., 1995; Tabata et al., 1995; Zecca et al., 1995) . However, we could find no evidence of either ectopic hh expression in the anterior region of the eye disc (Fig. 4B) or any phenotype consistent with ectopic Hh, such as ectopic photo- of antennal disc and ocellar spot (arrow), and up-regulation in eye disc in stripe on anterior edge of furrow. (B) dpp-1acZ (red, cytoplasmic) and Ci (preen). Expression of dpp is seen superimposed with Ci dorsally in the antennal disc, and in the eye disc where the strong stripe of dpp expression in the furrow lies just posterior to peak Ci expression. The peak of expression of both genes in the eye disc may in fact be coincident, the observed misalignment probably being due to the slower response of the dpp-1acZ reporter to regulatory signals, when compared to the faster response of changes in Ci protein accumulation.
(C) hh-1acZ (red, nuclear) and Ci (green). Note hh expression in posterior compartment of antenna1 disc and ocellar spot (arrow) which does not overlap with Ci. and weaker expression in photoreceptors posterior to the furrow in the eye disc which does overlap region of Ci expression. (D) prc-LacZ (red, nuclear) and Ci (green). Expression of prc-facZ is seen overlapping with Ci in a stripe on the anterior side of the anteroposterior compartment boundary in the amen& disc, and in the region of the ocellar spot and posterior to the furrow in the eye disc. , dpp expression (green) in wild-type disc. Ptc is upregulated in the furrow and expressed at high levels behind the furrow, while dpp is expressed at highest levels in the furrow. (B) Ptc (red), in a ptc clone anterior to the furrow, marked by lack of arm-facZ expression (green). Ptc is up-regulated in a cell-autonomous fashion inside the clone (note that Ptc expression is seen within the pt~?~' clone because although this allele behaves phenotypically as a null, it nevertheless produces a protein product recognised by the anti-Pm monoclonal antibody). (C) Ptc (ted) and dpp (green) are upregulated in a cell-autonomous manner in a ptc clone lying anterior to the furrow. (D) Absence of Myc staining (red) marks position of pfc clone posterior to the furrow, in which dpp (green) is not upregulated. (E) Ptc (red) is seen at high levels within a clone lying close to the furrow, while dpp expression is seen non-autonomously around the clone, showing that Ptc and dpp expression become uncoupled in clones close to the advancing furrow, mimicking the situation posterior to the furrow. (F) Expression of dpp (green) is seen in a ring intersecting the furrow, around aprc clone marked by lack of Myc staining (red). stained for Elav expression (brown) and dpp-1acZ (blue). Ectopic dpp expression can be seen in the antennal disc and the margins of the eye disc, presumably induced by ectopic En. In the part of the eye disc which gives rise to eye (rather than head) structures, ectopic dpp is not seen, but down-regulation of dpp expression in the furrow is observed (arrow). (D) Repression of dpp expression (red) in the furrow by elevated En is cell-autonomous.
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However, dpp expression on either edge of the clone appears slightly broadened (arrows), consistent with a role of En in enhancing the activation of hh immediately posterior to the furrow. Note that the En-expressing clone is spread out and of irregular shape, in contrast to what is observed in the wing disc (Zecca et al., 1995) where cells in such clones appear to adhere preferentially to each other and not mix with their neighbours. (E) Cell-autonomous repression of Ci expression (red) by En expressing clone. (F) Cell-autonomous repression of ptc-lacZ expression in basal nuclei posterior to furrow by En-expressing clone.
receptor differentiation . Despite the failure of elevated En to disrupt normal development or activate hh expression, the protein was clearly able to execute some of the functions seen in the wing disc. In eye-antenna1 discs in which large numbers of Enexpressing clones had been induced, we observed clear effects on the expression of dpp. In the antenna1 disc, and in the marginal regions of the eye disc (i.e. outside the region that will give rise to eye structures in the adult), ectopic dpp is induced (consistent with ectopic hh activation). Conversely, in the main portion of the eye disc we see no ectopic dpp, but instead down-regulation of dpp expression in the furrow (arrow, Fig. 4C ). Looking at a single cell level, we find that this down-regulation of dpp is a cell-autonomous effect of En expression (Fig. 4D ). Elevated En expression also down-regulates Ci expression in the eye disc: posterior to the furrow Ci expression is almost completely eliminated, whereas the higher level of Ci in the stripe anterior to the furrow is significantly reduced (Fig. 4E) . Finally, there is a small repressive ef-feet of En expression on the high Ievels of ptc expression posterior to the furrow (Fig. 4F) .
Two other apparently related phenotypes are produced by elevated En expression. The first is that while such Enexpressing clones do not generally lead to elevated levels of hh expression in photoreceptors, there is an increase in nuclei just beginning to activate hh expression immediately posterior to the furrow (arrow, Fig. 4B ). Secondly, dpp expression is slightly broadened at the edges of En expressing clones (arrows, Fig. 4D ), which would be consistent with a slightly higher level of hh expression in more posterior cells.
In summary, we find that expressing En protein at levels which are sufficient to induce ectopic hh expression and repatterning in the wing disc has only a negligible effect in the eye disc. This lack of effect is apparently due to a failure to activate significant levels of Hh expression. Nevertheless, En is not inactive in the eye disc, and can down-regulate dpp, ptc and Ci expression, in addition to being able to up-regulate hh expression at least during the phase of hh activation.
Discussion

The conservation of the hh pathway in development
Previous studies have revealed significant similarities between hh pathway function in the third instar eye and wing discs. In both, restricted hh expression in thbposterior leads to a non-overlapping anterior stripe of dpp expression, via a mechanism requiring repression of ptc and pka-CI activity. Furthermore, the same pathway is used in the developing embryo to regulate wg expression (reviewed by Perrimon, 1994 Perrimon, , 1995 . In the embryo and the wing disc, the segment-polarity gene en plays a crucial role in activation and maintenance of hh expression and repression of dpp and ptc expression in the posterior compartment (Guillen et al., 1995; Sanicola et al., 1995; Simmonds et al., 1995; Tabata et al., 1995; Zecca et al., 1995;  reviewed by Perrimon, 1994 Perrimon, , 1995 , suggesting that en too might be an essential component of this conserved pathway. Our present results demonstrate that en is not essential for hh pathway function in the third instar eye disc, and instead indicate that alternative mechanisms must exist for the activation and maintenance of hh pression and the repression of dpp expression.
The regulation of dpp and Ci in the eye and wing discs ex-
In the wing disc, the restriction of dpp expression to a narrow band of cells at the anterior edge of the compartment boundary is critical for correct morphogenesis, as misexpression of dpp results in severe abnormalities (Capdevila and Guerrero, 1994; Zecca et al., 1995) . The en gene plays a key role in this restriction, both maintain- 
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ing hh expression and repressing dpp expression in the posterior compartment Sanicola et al., 1995; Tabata et al., 1995; Zecca et al., 1995) . The ptc gene is required for dpp repression in the anterior compartment, this repression being relieved by Hh diffusing across the compartment boundary (Basler and Struhl, 1994; Capdevila and Guerrero, 1994; Tabata and Kornberg, 1994) . Thus, the expression domain of dpp is limited on one side by the boundary of En expression, and on the other by the limit of Hh diffusion.
In the eye disc, dpp is also expressed in a narrow band of cells (in the furrow). The anterior restriction of this expression is achieved by the same mechanism that operates in the anterior compartment of the wing disc, that is through ptc-mediated repression. Similarly, dpp activation in the furrow depends on hh function. However, posterior to the furrow a different mechanism appears to operate. In this region, unlike in the wing, en function is not required and hh, ptc and ci are co-expressed. The high expression of ptc in this region is apparently Hhdependent, as removing hh gene function using a temperature-sensitive allele (hhts2; Ma et al., 1993) leads to loss of Ptc posterior to the furrow (Kevin Moses, personal communication).
If dpp were under the same regulation as ptc, both the absence of its repressor En and the negation of potential pm-mediated repression through the presence of Hh protein would be expected to lead to dpp expression. However, even in clones of cells double mutant for ptc and en we do not see dpp expression posterior to the furrow. Therefore, we conclude that posterior to the furrow dpp is repressed in all cell types by an unknown mechanism. In this context it is interesting to note recent results showing that in the wing disc low levels of Hh misexpression lead to activation of both ptc and dpp (as expected), but higher levels activate only ptc (Ingham and Fietz, 1995) . If it were generally true that dpp was activated by only low levels of Hh, then this might explain the restriction of dpp expression to the furrow in the eye disc (where Hh levels are presumably lower than in more posterior regions).
The mechanism that represses dpp expression in cells posterior to the furrow may also repress Ci protein accumulation posterior to the furrow. It has recently been shown that Ci expression in the wing disc is under negative ptc-mediated regulation in the anterior compartment, giving rise to a stripe of strong Ci expression along the compartment boundary coincident with the region of dpp expression (Johnson et al., 1995; Motzny and Holmgren, 1995) . Such a regulatory mechanism would account for the strong stripe of Ci expression in the furrow of the eye disc. However, a prediction of such a model would be that Ci would also be high posterior to the furrow where ptc repression is inactive: instead, Ci levels are similar to those seen anterior to the furrow, suggesting that ptcindependent repression might be occurring posteriorly (see Fig. 5 ). Hence, both dpp and Ci expression would be subject to hh-pathway regulation in the anterior of the eye disc, but be independently repressed posteriorly (see Fig.   5 ).
It should be noted that while it is known that loss of dpp function can disrupt eye development (Heberlein et al., 1993) , it has never been demonstrated that dpp expression must be restricted for proper morphogenesis. Nevertheless, dpp appears to play a role in stimulating cell proliferation in the eye disc, as evidenced by the overgrowth observed around dpp-expressing clones of cells induced by loss of pka-CI function or ectopic Hh expression Strutt et al., 1995) . As in the posterior of the eye disc cell division is tightly controlled (Wolff and Ready, 1991) , it is perhaps not surprising that a special mechanism exists to turn off dpp in this region.
The role of en as an activator of hh expression
The absence of a function for en either in the activation or maintenance of hh expression in the eye disc indicates that these functions must also be mediated by an independent mechanism apparently not used in the other discs. The en-independent activation of hh is not without precedent, as it is known to occur during early embryonic development (Lee et al., 1992; Mohler and Vani, 1992; Tabata et al., 1992) ; however, subsequently in development hh expression becomes en-dependent.
Furthermore, En misexpression in the anterior compartment of the wing has been shown to be sufficient to activate hh expression (GuillCn et al., 1995; Simmonds et al., 1995; Tabata et al., 1995; Zecca et al., 1995) .
In contrast, in the eye En misexpression appears to be unable to activate hh expression, even using a construct known to function in the wing disc. We do not believe that this was due to a failure of the construct to express En protein in the eye, as a clear effect in terms of repression of dpp, ci and ptc expression was observed. In fact, although activation of a hh reporter or any effect on eye morphogenesis consistent with Hh misexpression was not seen, we did make two observations that suggest some effect on hh activation: firstly, photoreceptors which were turning on hh expression posterior to the furrow, did so at a slightly higher level if they lay within an En misexpressing clone; and secondly, misexpressing clones which crossed the stripe of dpp expression in the furrow were apparently able to broaden the area of dpp expression on either side of the clone. Interestingly, the two genes that display the strongest effect of En misexpression, dpp and ci, have both been shown to contain En protein binding sites in their regulatory regions which may be required for their en-dependent regulation (Sanicola et al., 1995; Schwartz et al., 1995) .
The ability of En to activate high levels of hh expression in the anterior of the wing disc may be due to an autoregulatory circuit that apparently does not function in the eye disc, as it has recently been shown that both Hh misexpression and prc loss of function can activate en expression in this region (de Celis and Ruiz-Gomez, 1995; GuillCn et al., 1995; Tabata et al., 1995) .
It is interesting to note that the expression of sonic hedgehog, the vertebrate homologue of hh, apparently does not overlap with the expression of known en homologues (Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993) , again suggesting En-independence.
Concluding remarks
In some respects the eye and the wing exhibit quite different modes of development and differentiation.
In the wing, a lineage restriction early in development divides the organ into an anterior and a posterior compartment. This compartment boundary then serves as an organiser, with a stripe of dpp expressed adjacent to it being crucial for the synchronous patterning of both the anterior and posterior compartments.
In the eye disc no such lineage restriction exists, and patterning and differentiation occur asynchronously in a wave progressing from posterior to anterior. Nevertheless, a stripe of dpp expression is observed in the furrow, which itself demarcates the undifferentiated anterior zone from the patterned posterior zone and serves as an organising centre.
In both the eye and the wing the hh signalling pathway plays a critical role in the specification of the region of dpp expression and the organising centre, and considering the significant differences between the eye and the wing this conservation of hh function is remarkable. On the other hand, our present study shows that there are significant differences in the way dpp and hh are regulated in these two organs. As the hh pathway is at least partially conserved in other organisms (reviewed in Perrimon, 1995) it is clearly of interest to investigate these differences further.
Experimental procedures
Fly strains and generation of clones
For clonal analysis, the following alleles were used: ptc98/29 (Strutt and Mlodzik, 1995) , a P-element insertion which behaves as a strong ptc allele on chromosome carrying no other mutations but still produces a protein product recognised by the 5ElO anti-Ptc monoclonal; enE (Tabata et al., 1995) , a deficiency removing en and inv. A ptc9m9, enE double mutant chromosome was generated by meiotic recombination; similar results were obtained using a ptc9&/29, enfo34 chromosome. Misexpression of En was carried out using the Tubal > CD2,y+ > en transgene (Zecca et al., 1995) , which has been shown to produce biologically functional levels of En protein in the wing disc.
Homozygous mutant clones were generated using the FLP/FRT system (Xu and Rubin, 1993 staining, the hs-nM transgenes were replaced with an arm-1acZ transgene at 51A (Vincent et al., 1994) . En misexpression was carried out using larvae of genotype y hsFLP1; P [Tubal > CD2, y+ > en] / + and heat-shocking at 38°C for 45 min at 24-48 and 48-72 h after egg-laying. Reporter genes used were as follows: for dpp expression the BS3.0 reporter on the third chromosome , for hh the enhancer trap insertion hh p30 (Lee et al., 1992) for ptc the enhancer trap insertion ptcHB4 (gift of P. Ingham), and for ci the enhancer trap insertion ci-Dpluc (Eaton and Kornberg, 1990) .
Histology
Antibody stainings of eye imaginal discs were carried out by standard methods (Tomlinson and Ready, 1987) . /I-Galactosidase staining and immunohistochemical double staining were as previously described (Strutt et al., 1995) . Ci was detected using rat monoclonal 2Al (gift of R. Holmgren (Motzny and Holmgren, 1995) ), Elav with a rat monoclonal antibody (gift of G. Rubin), En with mouse monoclonal 4D9 (Pate1 et al., 1989) , Ptc with mouse monoclonal 5ElO (gift of P. Ingham), Myc with mouse monoclonal9ElO
(Santa Cruz Biotechnology) and /3-galactosidase with a rabbit polyclonal antibody (Cappel). Secondary antibodies conjugated to peroxidase, FITC, Texas Red or Rhodamine were used (Jackson Labs.).
Standard histological methods were used for sections of adult eyes (Tomlinson and Ready, 1987) .
